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INVESTIGATIONSUNDERTAKEN

Theprimarygoalof thisprojectis to synthesizethedeformationfield in northernCalifornia,with
emphasison thepopulatedSanFranciscoBay region. We arecombiningGlobalPositioningSys-
tem (GPS),Geodolitetrilateration,andvery-long-baselineinterferometryobservationscollected
primarily from U. S.GeologicalSurvey (USGS)andStanfordUniversityfield campaigns,andthe
Bay AreaRegionalDeformation(BARD) permanentGPSnetwork in northernCalifornia. Com-
bining thesedatawill enableus to clarify the ratesof interseismicstrain accumulationon the
principal Bay areafaults: the SanAndreas,Hayward, andCalaverasfaults,andtheir extensions
north of the SanFranciscoBay. We are also analyzingdeformationfollowing major northern
California earthquakes,including the 1906SanFranciscoand1989LomaPrietaearthquakes,to
betterunderstandpostseismicrelaxationandstresstransfer. Finally, time-dependentinversions
andfinite-elementcalculationswill improveourunderstandingof thestructureandrheologyof the
sub-seismogeniccrustin theSanFranciscoBay area.

During thepastyear, we have continuedour efforts to combinetheavailablegeodeticdatasets,
primarily thecontinuousandcampaignGPSobservationsin theBayArea.Muchof thiseffort went
towardscomparingpositionssolutionsdeterminedusingGAMIT by theBerkeley Seismological
Laboratory(BSL), andGIPSYby theUSGS.Thesecomparisonsrevealeda numberof problems
with combiningsolutionsderived from thesetwo methods.Therefore,in collaborationwith W.
Prescott(USGS),we arecurrentlyusingtheUSGSGIPSYpoint positioningalgorithmsto repro-
cessall of theavailabledatain aself-consistentmethod.In thefollowing sectionwepresentresults
from otherongoingprojects,includingthedeterminationof abroad-scaledeformationfield across
northernCalifornia andNevadafrom continuousGPSmeasurements,studiesof postseismicde-
formationfrom the1906and1989earthquakes,andfinite-elementmodelsof the1906postseismic
deformation.



RESULTS

Deformationin NorthernCalifornia andNevada

We analyzeddatafrom 49 permanentGPSstationsin California,Oregon,andNevadathathave
beenoperatingfor at least0.8yearsduringa5.9-yearspanfrom November1993to October1999,
including all stationsin the Bay Area Regional Deformation(BARD) network (Murray et al.,
1998a).Measurementscollectedon 2000daysduringthis interval wereanalyzedby theGAMIT
softwareusingdistributedprocessingmethods.We estimatedthe stationvelocitiesandtheir co-
variancefrom the combineddaily coordinatesolutionsby tightly constrainingthe positionsand
velocitiesof 5 IGS stationsto their ITRF96 values,while accountingfor offsetsandexcluding
non-linearmotionsintroducedby equipmentchangesandothernon-tectonicbehavior. We con-
vertedthestationvelocitiesto aNorthAmericaplatereferenceframeby addedanangularvelocity
thatminimizesthehorizontalmotionsof a subsetof the ITRF96 stationswhoserelative motions
areconsistentwith rigid-body rotationat the 2 mm yr �

�
level. The estimatedrelative baseline

determinationstypically have2-4mmWRMSscatterabouta linearfit to changesin northandeast
componentsandthe10-20mm WRMSscatterin theverticalcomponent.

Averagevelocitiesfor the longestrunningstationsfrom BARD andothernearbynetworksare
shown in Figure1. To accountfor colored-noiseerrorprocesses,suchasmonumentwander, mul-
tipath,andatmosphericeffects,we scaledthe formal uncertaintiesaccordingto the approximate
expressiongivenby Maoetal. (1999)for thetotaluncertaintyof velocityasa functionof boththe
whitenoiseandflickernoiseuncertaintiesappropriatefor NorthAmericansites.Thisflickernoise
modelresultsin velocityuncertainties6–12timestheir formal uncertainties.

Stationsin easternNevadashow little motion relative to North America, whereasthe station
on the Farallon Islands,30 km offshorenearSanFrancisco,is moving at 46 mm yr

� �
N35

�
W.

This is consistentwith the motion predictedby NUVEL-1A for the Pacific plate(DeMetset al.,
1994), indicating that the network spansnearly the entiredeformationfield associatedwith the
plateboundary.

TheSanAndreasFault systemaccommodates� 35 mm yr �
�

parallelto thepredictedplatemo-
tion acrossa 100-kmwide zonenearthe coast. The remaining � 11 mm yr �

�
of predictedplate

motion is distributedacrosstheSierran-GreatValley, andBasinandRangeprovincewith signif-
icant velocity componentsnormal to the predicteddirection. This region canbe divided into 3
relatively stablecrustalblocksdelimitedprimarily by seismicitypatterns.TheSierran-GreatVal-
ley (SG)block is locatedbetweentheSAF anda northwesttrendingseismicitybelt betweenLake
TahoeandMountShastain easternCalifornia.Thisseismicitybelt is thewesternedgeof theBasin
andRangeprovince,whichwedivideinto eastern(EB) andwestern(WB) blocksabouttheCentral
NevadaSeismicZone(CNSZ).

Ourpreferredkinematicmodel(Murrayetal., in prep.,2000),assumesasingleangularvelocity
for SGblock,anda singleEulerpole location,but differentangularvelocity ratesfor theEB and
WB blocks.TheWRMSmisfitsfor thehorizontalcomponentsare1, 1, and2 mmyr �

�
for theEB,

WB, andSGregions,respectively. Relativemotionalongtheboundariesbetweentheregionsvaries
with position.BecauseEB andWB sharethesameEulerpole,relativemotionis purelyextensional
acrossobliquelongitudinallines,which theCNSZcloselyapproximates.Thepredictedextension
at 40

�
N, 118

�
W is 3 mm yr �

�
N75

�
W. Therelative motionbetweenWB andSGat 40

�
N, 121

�
W

is 3 mm yr �
�

N45
�
W, approximatelyparallel to the seismicitytrend,indicatingthe deformation

is primarily right-lateralstrike-slip.Deformationat boththeseboundariesis in generalagreement
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Figure1: Observed(red)andmodeled(blue)velocitiesrelative to stableNorthAmericafor stationsin theBARD and

nearbynetworks. Data from November1993to October1999wasprocessedby the BSL usingGAMIT software.

Ellipsesshow 95% confidenceregions,scaledby a white andflicker noisemodel,with the predictedPacific–North

America relative platemotion in centralCalifornia shown for scale. The obliqueMercatorprojectionis aboutthe

NUVEL-1 Pacific–NorthAmericaEulerpolesothatexpectedrelativeplatemotionis parallelto thehorizontal.Mod-

eledvelocitiesarefrom Euler pole determinationsfor the Sierran-GreatValley (SG),andwest(WB) andeast(EB)

BasinandRangeblocks.Velocitieswithin theSanAndreasfault system(SAFS)areestimatedusingtwo-dimensional

models.
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Figure2: Velocitiesrelative to theNUVEL-1A Pacific-NorthAmericaEulerpoleof stationslocatedin a profile from

westernNevadato theSanFranciscoBay area.Observedvelocities(crosses),with onestandarddeviation errorbars,

areperpendicular(red)andparallel(blue)to thepredicteddirectionasa functionof obliquecolatitudefrom theEuler

pole.Thebluecurve is theangularvelocityand3-faultbackslipmodel.Thegreencurveis thesamemodel,assuming

theNUVEL-1A rateon thePacific plate.Verticallinesat top indicatelocationandrelativedepthsof theSanAndreas

(SA), Hayward(H), andCalaveras/Concord(CC) faults.

with observedseismicity.
Motion of stationsneartheSanAndreasfault systemis approximatelyparallelto theNUVEL-

1A predictions(Figure2). Velocitycomponentsnormalto this directiondonotdiffer significantly
from zerowestof theSAFandarelessthan5 mmyr �

�
for sitesbetweentheSAFandGreatValley.

Theparallelvelocity componentsvary in magnitudealmostlylinearly by � 35 mm yr �
�

acrossa
100-kmwidezonenearthecoast,whichpreviousstudiesshow is consistentwith interseismicstrain
accumulationon faultsthatarefreely slippingexceptat shallow depths(Lisowski et al., 1991).

To modeltheobserveddeformation,we assumeinterseismicdeformationis a superpositionof
long-termaveragerigid-body motionson eithersideof faults, andback-slipon shallow locked
portionsof faults. This approachis similar to the elasticdislocationmodel commonlyusedin
subductionzonestudies(Savage,1983),exceptwe expressthe long-termaveragemotion using
angularvelocities.Giventhat thewesternmoststationsin our studyform a roughly linearprofile
acrosstheSAFsystemandtheirmotionsarepredominantlyparallelto predictedmotion,wemodel
interseismicstrainaccumulationusingtwo-dimensional(anti-planestrain)screw dislocations.This
methodis describedin moredetail in Murrayet al. (in prep,2000).

Figure2 shows theresultsusinga modelwith 3 faults,correspondingto theSanAndreas(SA),
Hayward (H), andCalaveras/Concord(CC) fault strands.Given the high correlationsassociated
with determiningfaultgeometryandslip parametersin aparallelfault regime,weassumethefault
locationsareknown from surfacegeologystudies,anduselocking depthsderivedfrom observed



seismicity. Estimateddeepslip rateson SA, H, andCC faultsare19.2,11.3,and7.4 mm yr �
�
,

respectively, in reasonablygoodagreementwith neotectonicsstudies(
	�
���

, � ��� , and � ���

mmyr �
�
, WGCEP, 1999).Wearecurrentlyextendingthesemethodsto threedimensionsto better

characterizethecomplex geometryof faultsin theSanFranciscoBayareaandwill incorporatethe
morecompletedeformationfield wearecurrentlyderiving usingcampaignGPSobservations.

1989LomaPrietaEarthquakePost-seismicDeformation

In Segall et al. (2000),we employ a modifiedversionof theNetwork InversionFilter to investi-
gatetime-dependentslip following the1989LomaPrietaearthquake. Previousanalysisof Global
PositioningSystem(GPS)andleveling datasuggestsafterslipon theLomaPrietaruptureaswell
asaseismicslip on a thrust fault northeastof the SanAndreasfault which we identify with the
Foothills thrustbelt. Weanalyzed173daily GPSsolutionfilesat62stationscollectedfrom 1989.8
to 1998.3(a total of 1,134three-dimensionalrelative baselinedeterminations).Theobservedpo-
sition changesareassumedto resultfrom seculardeformation,randombenchmarkmotions,and
temporallyvaryingfault slip. Thedatarevealtemporalvariationsin slip rate(Figure3) but poorly
resolve spatialvariationsin fault slip. The amountof temporalsmoothingis estimatedby max-
imum likelihood. Conditionalon this estimate,reverseslip on the Foothills thrustdecaysfrom� � ��	�� mm/yr immediatelyaftertheearthquake to zeroby 1992.Reverseslip on theLomaPrieta
rupturesurfacedecaysfrom � 
���	�	 mm/yr to zeroby 1994.Right-lateralslip on theLomaPrieta
rupturesurfacedecaysmonotonicallyfrom

�����	��
mm/yr to zeroby 1994. Theseresultssug-

gestthat(1) triggeredafterslipcanoccuroff themainrupturezoneon adjacentfaults,(2) shallow
afterslipdominatedthepostseismicdeformationfor the8 yearsfollowing theearthquake, and(3)
postseismicslip ontheFoothills thrustmayaccountfor asignificantportionof its totalslip budget.

1906SanFranciscoEarthquakePostseismicDeformation

In KennerandSegall (2000),we re-evaluatetriangulationdatafrom northernCaliforniafollow-
ing the1906SanFranciscoearthquakeusingimprovedmethods[YuandSegall,1996]andcombine
theresultswith morerecentgeodeticdata[Lisowski andSavage,1992;Freymuelleret al., 1999].
Thissignificantlyincreasesthetemporalandspatialresolutionof postseismicdeformationfollow-
ing thatevent. We have calculateduniform shearstrain-ratesandaveragestationvelocitiesat Pt.
Arenausingdatafrom 1906-07,1929-30,and1973-75andfor thePt. Reyes-Petalumaarcusing
datafrom 1929-30,1938-39,and1960-61.With theadditionof recentgeodeticdata,we infer an
effective relaxationtime for long-term,postseismicdeformationfollowing the1906earthquakeof
36
�

16 years(Figure4). Inversionresultsallow us to investigatethecorrespondingdecayin slip
ratesalonga10 km deep,25km wide,verticallyorientedafterslipzonelocatedbelow thetraceof
theSanAndreasfault (Figure5).

ThePt. Arenadatacanbereasonablyfit with anaccelerateddeepafterslipmodel.Deformation
in thePt. Reyes-Petalumaarc(Figure6) is clearlyasymmetricwith respectto thetraceof theSan
Andreasfault, especiallybetween1929and1939. After invertingfor the rangeof acceptableac-
celerateddeepafterslipandhorizontaldetachmentmodels,a detailedanalysisusinggeologically
reasonablegeometriesrevealsthatbothmodeltypeshave troubleexplainingthespatialvariations
in thedeformationfield throughtime. In particular, accelerateddeepafterslipmodelscannotre-
producethe breadthof the observed deformationfield to the northeastof the SanAndreasfault.
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Figure3: Estimatedslip rateasa functionof time. (a) Slip rateon theLomaPrietafault. Positive dip slip is thrust,

andright-lateralstrikeslip is negative. (b) Slip rateon theFoothills thrustfault. Dashedlinesindicateplusandminus

onestandarddeviationbounds.
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Figure 4: Evolution of uniform shearstrain-ratewith time sincethe 1906SanFranciscoearthquake at Pt. Arena

(circles)andPt. Reyes(triangles).Verticalerrorbarsgive1% uncertainties.Horizontalerrorbarsgivethetimebetween

thefirst andlastsurveysincludedin theinversion.Strainshavebeenrotatedclockwise20& and10& , respectively, from

northsothat ')( representstheright-lateralshearstrain-rateacrossthatSanAndreasfault.

As a result,morecomplex, time-varyingdeformationmechanismsarerequiredto explain thePt.
Reyes-Petalumaarcobservations.

Finite ElementModelsof PostseismicDeformation

Non-uniquenessis aninherentproblemin modelinggeodeticdata.Comparisonof fully spatial-
temporaldatasetswith naturallytime-dependentmodelscanlimit thenumberof possiblesolutions.
Weconsiderpostseismicstrainratetransientsby comparinggeodeticdatafrom northof SanFran-
ciscoBay obtainedbetween1906and1995[KennerandSegall, 2000] to viscoelastic,anti-plane
finite elementmodels.Modelsinclude(1) anelasticplateover a viscoelastichalf-space,(2) dis-
tributedshearwithin the lower crust, (3) discretelower crustalshearzoneswithin an otherwise
elasticcrust, (4) discreteshearzonesembeddedwithin a viscoelasticlower crust and (5) mid-
crustaldetachmentsurfaces.We vary, asapplicable,locking depth(8, 12, 18 km), elasticcrustal
thickness(18, 25, 45, 60 km), lower crustalrelaxationtime (0.1–150yrs), shearzonerelaxation
time (0.1–30yrs), andshearzonewidth (0.2–4km). For modeltypes3 and4, dipping fault ge-
ometriesarealsoconsidered[ParsonsandHart, 1999]. In total over 500differentfinite element
modelswereconsidered.

Modelsincorporatingonly distributedshearing(1,2) requirevery shortrelaxationtimes(2*vis-
cosity/shearmodulus).For physicallyreasonableelasticplateoverviscoelastichalf-spacemodels
(1), thebest-fittingmodelshaverelaxationtimesof 40yrs,elasticthicknessesof 25km,andfit all
availabledatato within 4.3* . Thebestdistributedlower crustalshearmodels(2) have relaxation
timesof + 5 yrsanda lockingdepthof 18km. Thesemodelsfit all availabledatato within 3.1* . If
theentirecrustis elasticanddiscreteshearzonesexist beneatheachof thethreesub-parallelfaults
in northernCalifornia(3), initially highstrainratesimmediatelyfollowing the1906earthquakeare
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Figure5: Slip-rateasa function of time sincethe 1906SanFranciscoearthquake at Pt. Arenaandthe Pt. Reyes-

Petalumaarc for a 25 km wide, deepacceleratedafterslipzonewhosetop is locatedat 10 km depth. The slip-rate

between1991and1995is from Freymuelleret al. [1999] for all of northernCalifornia. Vertical errorbarsgive 10
uncertainties.Horizontalerrorbarsgive thetime betweenthefirst andlastsurveys includedin theinversion.

mostreasonablyfit with alockingdepthof 12km andelasticthicknessgreaterthan 1 45km. In the
bestcase,all availabledatais fit to within 2.72 . Thecaseof discreteshearzonesembeddedwithin
a viscoelasticlower crust(4) representsan intermediatecase. Local minima in the misfit space
representmodelsthat approachdistributedshear(2) anddiscreteshearzone(3) models. In the
bestcase,all availabledatais fit to within 2.32 (Figure7), excludingoutliers.Thebestdetachment
modelsfit thedatato within 2.42 . Dippingdiscretefaultsdonotsignificantlychangethemodelfit
to thedata.

Geometricallyreasonableelasticplateoverviscoelastichalf-spacemodels(1) doapoorjob pre-
dicting both the spatialdistribution of deformationandvariationsin peakshearstrainratewith
time. While all other model typescanemulatethe observed decayof peakshearstrain-rateat
the SanAndreasfault with time, the best-fittingdistributedshearmodels(2) do a poor job pre-
dicting spatialvariationsin thedeformationrate.Detachmentmodels(5) yield reasonableresults
but recentfindings from seismicreflectionin northernCalifornia argueagainstthe presenceof
a sub-horizontaldetachment,in favor of discreteshearzonesextendingthroughthe entirecrust
[Henstocket al., 1997,Parsons,1998;ParsonsandHart, 1999;Zhu, submitted].Our modelsin-
corporatingdiscreteshearzones(3,4)are,therefore,moreappropriate.Additionally, weconclude
that theeffective relaxationtime seenin thepostseismicgeodeticdata(Figure4) is indeedeffec-
tive, representingsomenetmeasureof deformationin a complex system.Thebestfitting discrete
shearzonemodels(3,4) containmaterialshaving at leasttwo differentrelaxationtimes. Oneis
extremelyshort,lessthan 1 2 yrs, while theotheris muchlonger( 3 150yrs). Alternatively, this
finding maybeindicativeof prevalentnon-linearmaterialbehavior in thelowercrust.Finally, the
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Figure6: Right lateralengineeringshearstrain-rateacrosstheSanAndreasfault within thePt. Reyes-Petalumaarc

between1929and1939(top)and1938and1961(bottom).Verticalerrorbarsgivethe14 uncertaintyin themagnitude.

Horizontalerrorbarsgive the lateralextent,in thefault paralleldirection,of thesubnetin which thecalculationwas

made.Thesolid line givesexpectedresultsfrom thesecularmodelof Bürgmannet al. [1994;1997]. At thelocation

of thePt. Reyes-PetalumaarctheSanAndreasfault is at anorientationof approximatelyN355 W. Notethedifferent

verticalscales.Theheavy blacklinesdenotethepositionsof theSanAndreasandRogersCreekfaults.

effect of dipping faultsis not significantto understandingpostseismicperturbationsto thedefor-
mationfield following the1906earthquake.

NON-TECHNICAL SUMMARY

This project focuseson integrationandmodelingof geodeticmeasurementsin the SanFran-
ciscoBayarea.WecombinepreviouslycollectedGeodolite(preciselaserdistancemeasurements),
GlobalPositioningSystem(GPS),andVery Long BaselineInterferometry(VLBI) measurements
to determinethedeformationfield in theBay areaandto studyhow seismicstainaccumulateson
the principal faults. We alsore-examinetriangulationmeasurementsmadeafter the 1906earth-
quake to studypost-seismicrelaxationandstresstransfer, andperformtime-dependentinversions
andfinite elementcalculationsto studythefault geometryin thelowercrustandstressing-rateson
Bayareafaults.
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